The allosteric coupling of the highly conserved nucleotideand substrate-binding domains of Hsp70 has been studied intensively. In contrast, the role of the disordered, highly variable C-terminal region of Hsp70 remains unclear. In many eukaryotic Hsp70s, the extreme C-terminal EEVD motif binds to the tetratricopeptide-repeat domains of Hsp70 co-chaperones. Here, we discovered that the TVEEVD sequence of Saccharomyces cerevisiae cytoplasmic Hsp70 (Ssa1) functions as a SUMO-interacting motif. A second C-terminal motif of ϳ15 amino acids between the ␣-helical lid and the extreme C terminus, previously identified in bacterial and eukaryotic organellar Hsp70s, is known to enhance chaperone function by transiently interacting with folding clients. Using structural analysis, interaction studies, fibril formation assays, and in vivo functional assays, we investigated the individual contributions of the ␣-helical bundle and the C-terminal disordered region of Ssa1 in the inhibition of fibril formation of the prion protein Ure2. Our results revealed that although the ␣-helical bundle of the Ssa1 substrate-binding domain (SBD␣) does not directly bind to Ure2, the SBD␣ enhances the ability of Hsp70 to inhibit fibril formation. We found that a 20-residue C-terminal motif in Ssa1, containing GGAP and GGAP-like tetrapeptide repeats, can directly bind to Ure2, the Hsp40 co-chaperone Ydj1, and ␣-synuclein, but not to the SUMO-like protein SMT3 or BSA. Deletion or substitution of the Ssa1 GGAP motif impaired yeast cell tolerance to temperature and cell-wall damage stress. This study highlights that the C-terminal GGAP motif of Hsp70 is important for substrate recognition and mediation of the heat shock response.
and SBD␤ are highly conserved in all species, whereas the SBD␣ is less conserved, and the C-IDR is highly variable.
The structure of the SBD␣ has been found to fluctuate during the functional cycle of Hsp70. The SBD␣ influences the affinity and kinetic interaction parameters of Escherichia coli DnaK with its substrate and is proposed to possess one or several sites for transient interaction with protein substrates, helping Hsp70 to refold proteins (9) . The SBD␣ of Hsp70 is also crucial for binding to the J domain of the co-chaperone HSJ1a by providing a suitable conformation for binding, rather than directly binding to the J domain (10) . Up to now, the function of the C-IDR remains much less well-understood, in contrast to the increasingly detailed picture of the allosteric mechanism controlling substrate binding of Hsp70 (11) . The C-IDR generally consists of 30 -40 amino acids. Some eukaryotic cytosolic Hsp70s end with a conserved tetratricopeptide repeat domain interaction motif (-EEVD), which mediates binding with cochaperones, such as Hsp40, CHIP, HIP, and HOP, that facilitate the assembly of a variety of Hsp70 complexes (11) (12) (13) . Smock et al. (11) have identified a ϳ15-residue motif in the C terminus of DnaK that can directly bind misfolded protein substrates, providing a weak, auxiliary binding site for denatured substrate proteins and enhancing the protein refolding efficiency of DnaK. This motif generally occurs in bacterial Hsp70s and is also found in eukaryotic organellar Hsp70s and archaea, whereas other sequence variations have been hypothesized to substitute for this motif in eukaryotic cytoplasmic Hsp70 C-IDRs (11) .
In studies of the effects of Hsp70 on amyloid fibril formation, it has been reported that the isolated Hsp70 SBD can inhibit the amyloid fibril formation of ␣-synuclein and Ure2, whereas the presence of the NBD modulates this fibril inhibition activity (14 -16) . Ure2 is a nitrogen metabolism regulator in Saccharomyces cerevisiae, which can give rise to the prion state [URE3] (17) . Ure2 contains two distinct domains, a relatively flexible N-terminal prion domain and a C-terminal globular functional domain (18) . The yeast Hsp70, Ssa1, is one of nine cytosolic Hsp70s (Ssa1-4, Ssb1-2, Sse1-2, and Ssz1) in S. cerevisiae (19) . Ssa proteins are involved in a variety of cellular processes, such as translation, translocation, and general protein folding (20 -22) . SSA1 and SSA2 are constitutively expressed, and their gene products are 96% identical, whereas SSA3 and SSA4 are heat shock-inducible, and their gene products are both 80% identical to Ssa1 and Ssa2. Ssa1 can inhibit the fibril formation of the amyloid protein Ure2 without ATP (23) . It also blocks Sup35 amyloid fibril formation in vitro with the assistance of the Hsp40 Ydj1 (24) .
Previous work in our lab demonstrated that in the absence of the NBD, the Ssa1 SBD can delay fibril formation of Ure2, whereas deletion of the C-IDR significantly decreases the inhibition activity, and further truncation of the ␣-helical bundle leads to further reduction in inhibition activity (16) . This is similar to the case of human Hsp70, where the SBD alone can inhibit the fibril formation of ␣-synuclein, and the SBD␣ enhances the inhibition effect (15) . However, the role of the Ssa1 C-IDR and SBD␣ in Ure2 fibril inhibition is not clear. Here, we determined the NMR structures of the Ssa1 SBD␣ and SBD␤ domains, which are the first structures for yeast canon-ical Hsp70s reported to date. Combining structural and biochemical results, we demonstrate that the Ssa1 C-IDR directly interacts with Ure2 through a 20-residue GGAP motif in the C-IDR, whereas the intact SBD␣ enhances the Ssa1 inhibition ability without directly binding to Ure2. Further, we detected a role of the GGAP motif in mediating response to stress in vivo.
Results

The C-terminal GGAP motif of Ssa1 directly binds to Ure2
The domain structure of Ssa1 is shown in Fig. 1A . Previous results from our lab indicate that mutants of the Ssa1 SBD with different degrees of truncation of the SBD␣ have varying degrees of fibril inhibition ability, with Ssa1(382-554) Ϸ Ssa1(382-582) Ͻ Ssa1(382-602) Ϸ Ssa1(382-612) Ͻ Ssa1(382-622) Ϸ Ssa1(382-642) (16) . This indicates the importance of the SBD␣ and C-IDR in the inhibition of Ure2 fibril formation. To obtain structural insight into the role of the SBD␣ and C-IDR in fibril inhibition, we first resolved the NMR structure of Ssa1(523-622) ( Table 1) , which represents the Ssa1 CTD lacking 20 residues of disordered sequence at the C-terminal end (Fig. 1A) . This is the first reported structure of an SBD␣ domain for the Ssa family of yeast Hsp70s. The overall structure of Ssa1(523-622) compromises four ␣-helices (␣B: 523-551, ␣C: 558 -577, ␣D: 583-598, and ␣E: 599 -605) and a flexible C-terminal tail (positions 606 -622) ( Fig. 1, B and C) . This structure is similar to the same region in DnaK (PDB code 1DKZ) and HspA1A (PDB code 4PO2) (6, 25) . The helices ␣B-␣E form an ␣-helical bundle, showing a 3.7 Å root-meansquare deviation compared with the SBD␣ of E. coli DnaK and a 1.5 Å root-mean-square deviation compared with the SBD␣ of human HspA1A (hHsp70) (Fig. 1C) , indicating that the ␣-helical bundle of the yeast Ssa1 SBD␣ is more similar to that of hHsp70 than DnaK. This reflects the higher sequence identity (ϳ45%) between the SBD␣ of Ssa1 and hHsp70 versus identity of ϳ25% between Ssa1 and DnaK. Interestingly, the ␣E in the ␣-helical bundle of Ssa1 seems to be slightly more compact than in hHsp70 but less compact than in DnaK (Fig. 1C ).
We then titrated Ssa1(523-622) with Ure2, by monitoring the 2D 1 H-15 N HSQC spectra of 15 N-labeled Ssa1(523-622). The NH peak intensity ratios for titration with Ure2 were mapped onto the structure of Ssa1(523-622) ( Fig. 1B) . Nine NH peaks, mainly corresponding to the region containing residues Gly 609 -Gly 621 at the C terminus, show a significant decrease in intensity, indicating that this sequence can directly bind to Ure2. To further understand the role of the entire C-IDR of Ssa1 in the interaction with Ure2, we assigned the backbone resonances of Ssa1(523-642) ( Fig. S1A ), which contains the intact C terminus. Ssa1(523-642) was then titrated with Ure2, resulting in significant signal decrease of the NH peaks (Fig. 2, A and B) . Chemical shift index analysis ( Fig. S1B ) and the negative steady-state HN-NOE value of Phe 623 -Asp 642 (Fig. 2C ) indicate that this segment is disordered; therefore a modeled structure of Ssa1(523-642) was derived based on the NMR-derived structure of Ssa1(523-622), onto which the titration result was mapped ( Fig. 2D ). We find that the NH peaks with decreased intensity during Ure2 titration mainly belong to a GGAP motif (sequence: 609 GGAP GGAA GGAP
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GGFP GGAP 628 ) in the flexible C-terminal region ( Fig. 1D ). Interestingly, the NH signal intensities for the segment 630 APE-AEGP 636 did not decrease during Ure2 titration, although this is also a Gly/Ala/Pro-rich sequence. The dissociation constant (K D ) for Ssa1(523-642) and Ure2 was measured as 14.7 Ϯ 3.6 M by FRET ( Fig. 2E ), demonstrating a direct interaction between Ssa1(523-642) and Ure2. This binding affinity is significantly weaker than that reported for Ure2 and full-length Ssa1 (K D ϳ40 nM) (23) , indicating that the primary substratebinding site in the SBD␤ is required for high affinity binding, and so the GGAP motif represents a secondary binding site that may regulate specificity of binding. The GGAP motif may also contribute to the kinetics of the chaperone mechanism in similar ways as the C-IDR of DnaK (11) . To confirm the interaction of the GGAP motif with Ure2, we further titrated the 15 N-labeled peptide of the Ssa1 C-terminal GGAP motif, 609 GGAP GGAA GGAP GGFP GGAP 628 , with Ure2. Significant intensity decrease of NH signals clearly confirmed that the isolated peptide can also bind to Ure2 (Fig. 2G ).
In addition to residues of the GGAP motif, Asp 555 and Gln 559 in loop L12 also give decreased intensities of NH signals because of addition of Ure2, but the intensity decreases do not occur for other L12 residues. Because the L12 loop is structurally close to the C-IDR ( Fig. 2D ), Asp 555 and Gln 559 may interact with Ure2. The N-terminal residues 524 EEDEKE 529 show slight chemical shift perturbations (CSPs) upon Ure2 addition (Fig. 2 , D and F). These residues are all charged, with a net negative charge of Ϫ4. This means that these residues with CSP upon Ure2 addition may also have a nonspecific electrostatic interaction with Ure2. Because residues 524-EEDEKE-529 are located at the N terminus of the ␣B helix of the Ssa1 SBD and are located far from the substrate-binding site and the C-IDR in the structure, it seems unlikely that they contribute to substrate binding in the full-length Hsp70, except where the substrate has a long positively charged tail and can bind this negatively charged sequence.
To investigate the interaction specificity of the GGAP motif with Ure2, we also titrated Ssa1(523-642) with yeast Ydj1 and SMT3, human ␣-synuclein, and BSA. NH-signal intensities of the C-terminal EEVD motif are significantly decreased because of the addition of Ydj1 at a ratio of 1:3, indicating a direct interaction between the EEVD motif and Ydj1 (Fig. 3, A and B) . In addition, the NH-signal intensities of the GGAP motif residues decreased by almost 50% after addition of Ydj1 ( Fig. 3B) , indicating a second binding site in the Ssa1 C-IDR for Ydj1. Titration of Ssa1(523-622) with Ydj1 at a ratio of 1:7 also decreased the NH-signal intensities of the GGAP motif residues by 40% ( Fig. 3C ), suggesting that the presence of the EEVD motif can enhance the binding of the GGAP motif to Ydj1 and that these two motifs bind Ydj1 combinatorially. 
Interestingly, the NH-signal intensities of the GGAP motif residues also decreased after addition of ␣-synuclein, without decrease of the NH-signal intensities of the EEVD residues ( Fig.  3D ). Unexpectedly, the NH-signal intensities of the C-terminal six residues (-TVEEVD 642 ) decreased after addition of the SUMO-like protein SMT3, without decrease of the NH-signal intensities of the GGAP motif residues (Fig. 3E ). The NH-signals of the C-terminal six residues (-TVEEVD) have a significant CSP caused by the addition of SMT3 ( Fig. 3F ). We then titrated 15 N-labeled SMT3 with the C-terminal peptide of Ssa1 (-PEAEGPTVEEVD) and observed significant CSPs (Fig. S2, A  and B) . A dissociation constant (K D ) of 240 M was obtained by fitting the NMR titration data (Fig. S2C ). The CSP results were mapped onto the SMT3 structure (PDB code 1L2N) (26) to identify the SMT3 binding site for the TVEEVD peptide ( Fig.  S2D ). Residues with large CSPs form a hydrophobic cavity (Leu 26 , Ile 35 , Phe 37 , Ile 39 , and Ala 51 ) surrounded by positively charged residues (Lys 38 , Lys 40 , Lys 41 , Arg 46 , Arg 47 , and Arg 55 ). This site is same as the binding site in SMT3 for other proteins containing the SUMO-interacting motif (SIM) (27) , indicating that the TVEEVD sequence of Ssa1 is a newly identified SIM.
In a control experiment, the NH signals of Ssa1(523-642) did not show any significant CSPs or intensity decrease upon addition of BSA ( Fig. 3G ). Thus, the Ssa1 C-terminal GGAP motif has a degree of specificity to recognize certain interacting proteins, providing an additional interacting site within Ssa1 in addition to the SBD␤.
Blocking of the Ssa1 substrate site upon truncation of the ␣-helical bundle
After characterization of the role of the Ssa1 C-IDR, especially the GGAP motif (Gly 609 -Pro 628 ) in Ure2 binding and fibril inhibition (16) , we next wanted to figure out the role of the ␣-helical bundle in the fibril inhibition of Ssa1. As mentioned above, the inhibition ability of Ssa1 SBD truncations has been found to decrease with the degree of truncation (16) , which seems to indicate that Ssa1(523-642) enhances function in a length-dependent manner. However, the structure of C-terminal truncation mutants of DnaK (PDB code 1BPR) and bovine Hsp70 (PDB code 1YUW) indicate that if only ␣B is present, it will collapse into the hydrophobic binding site of SBD␤ ( Fig. 4A ).
To confirm this in the case of the Ssa1 SBD, based on the chemical shift assignments of Ssa1(382-554) (28), we determined the solution structure of Ssa1(382-554) ( Fig. 4 , B and C, and Table 1 ). This is also the first reported structure of an SBD␤ domain for the Ssa family of yeast Hsp70s. Similar to the DnaK and bovine Hsp70 truncation mutants, the secondary structure elements ␤1-␤8, ␣A, and part of ␣B (residues 524 -535) of Ssa1(382-554) are well-preserved, whereas the C-terminal residues 536 -554 of ␣B are now in a disordered conformation. The side-chain methyl group of residue Leu 539 binds in the hydrophobic cavity of the SBD␤ and blocks the substrate-binding site ( Fig. 4C ). Such a conformation has also been found in the truncation SBD mutants of DnaK (PDB code 1BPR) and rat Hsp70 (PDB code 1CKR), which share a similar conformation, with the unfolded C terminus collapsed into the substratebinding site ( Fig. 4A ). However, the positions of ␣B differ in these three structures ( Fig. S3A ). Interestingly, in similar truncation mutants of Geobacillus kaustophilus DnaK (PDB code 2V7Y) and bovine Hsp70 (PDB code 1YUW), the corresponding Leu residue does not block the cavity (Fig. S3A ). It seems that in the G. kaustophilus DnaK structure, Leu 504 (shown in red in Fig. S3B ) is slightly too distant to bind to the SBD␤ binding site, and such binding might require transition of ␣B to a coil conformation, which is not energetically favored. In the structure of bovine Hsc70 (PDB code 1YUW), Ser 541 , instead of Leu 542 , is positioned onto the binding site ( Fig. S3A ).
Because the ␣B collapses into the substrate-binding cavity, it will inhibit substrate binding and decrease the fibril inhibition ability. The 2D 1 H-15 N HSQC spectra of Ssa1(382-582) shows that it has similar spectra to that of Ssa1(382-554) with good NH signals ( Fig. 4D ). Especially the NH signals of Leu 539 in the two mutants are well-overlapped, indicating that Leu 539 is blocking the substrate-binding site in the same way in both structures. The NMR results explain the similarly weak ability of mutants Ssa1(382-554) and Ssa1(382-582) to inhibit Ure2 fibril formation (16) .
The ␣-helical bundle of Hsp70 enhances inhibition of fibril formation
Because the ␣B collapses into the substrate-binding cavity, we expected that further deletion of ␣B would enhance the fibril inhibition activity of Ssa1 SBD␤. We compared the inhibition activities of Ssa1(382-506), Ssa1(382-554), and 
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Ssa1(382-622), which were in the following sequence: Ssa1(382-506) Ϸ Ssa1(382-554) Ͻ Ssa1(382-622) ( Fig. 4E ). We observed by size-exclusion chromatography that Ssa1 (382-506) tends to form oligomers, as indicated by an elution volume in a Superdex 200 column (10/300 GL) of 13.9 ml versus 15.6 ml for Ssa1(382-554) ( Fig. S4A ), although the molecular mass of Ssa1(382-506) (13.3 kDa) is smaller than that of Ssa1(382-554) (18.8 kDa). The oligomeric state of Ssa1(382-506) was also confirmed by its 1 H-15 N HSQC spectrum, in which the signal intensities are significantly more heterogeneous than for Ssa1(382-554) (Fig. S4B) . The lower-than-expected ability of Ssa1(382-506) to inhibit fibril formation can be explained by its tendency to form oligomers, which may also block its substrate cavity.
Because the SBD␤ of DnaK has been demonstrated to be monomeric (29) , we explored the role of the ␣-helical bundle in inhibition of Ure2 fibril formation using truncation mutants of DnaK, including DnaK(386 -506), DnaK(386 -554), and DnaK(386 -618), which correspond to Ssa1(382-506), Ssa1 (382-554), and Ssa1(382-622), respectively. The results clearly show that the DnaK SBD␤ (residues 386 -506) has stronger inhibition ability than DnaK(386 -554) but weaker ability than DnaK(386 -618) (Fig. 4F ). This confirms that the Hsp70 C-terminal ␣-helical bundle enhances the inhibition ability of Hsp70 SBD␤. The reasons for this enhancement may be multiple. First, the SBD␣ plays a pivotal role in regulating the kinetics of substrate binding and release (4). Second, it has been reported that the SBD␣ of DnaK contacts the protein substrate, because 
the SBD␣ can approach the bound protein substrate according to cross-linking results (30, 31) . Our results indicate that the isolated SBD␣ of Hsp70 does not bind to the protein substrate, but it is likely to interact nonspecifically with the substrate after the substrate binds to the ␤-domain of Hsp70 and thus facilitate binding of substrate to Hsp70. Third, the SBD␣ may also promote substrate binding by stabilizing the conformation of the SBD␤ in a state that facilitates substrate binding, consistent with the report that the structure of the isolated DnaK SBD␤ is highly flexible, with a K D of ϳ600 M for peptide substrate, whereas addition of the SBD␣ enhances the affinity to give a K D of ϳ11 M (32).
The GGAP motif contributes to the stress response of yeast
To study the in vivo function of the C-IDR GGAP motif of Ssa1, we constructed a GGAP deletion mutant, ⌬GGAP, in which the 20 residues of the GGAP motif are deleted. We also constructed another Ssa1 mutant, GGAG, in which the four Pro residues of the GGAP motif are all mutated to Gly. We then compared the phenotypic effects of these mutants to the WT protein in terms of prion propagation and response to stress, when they represented the only source of cytosolic Hsp70-Ssa in the cell.
Yeast is a well-established model to investigate prion propagation, which can be monitored by utilizing colony color and growth assays on selective media. [URE3] propagation was assessed based on the color of colonies when WT Ssa1 or the ⌬GGAP or GGAG mutant was expressed as the sole source of Ssa in the cell (33, 34) . Prion status of cells was confirmed through mating assays and curing on guanidine HCl. Cells containing Ssa2 as the sole source of Ssa can grow without adenine and produce white colonies on YPD, indicating a [URE3] prion state, whereas cells containing WT Ssa1 as the sole source of Ssa require adenine to grow and produce red colonies on YPD, indicating a nonprion state ( Fig. 5A) (35) . Like WT Ssa1, the ⌬GGAP and GGAG mutants were not able to maintain propagation of [URE3] (Fig. 5A ), suggesting that if the ability of Ssa1 to actively cure or inability to propagate [URE3] is due to gain of function compared with Ssa2, this is maintained in both mutants. Additionally, both Hsp70 mutants behave similarly to WT in terms of propagation of another yeast prion, [PSI ϩ ] (data not shown).
In terms of response to heat stress, ⌬GGAP and GGAG mutants both show reduced viability at 39°C on YPD, especially the ⌬GGAP mutant (Fig. 5B) , which demonstrates the importance of the GGAP motif in maintaining the function of Hsp70 in the heat shock response. The decrease in heat-shock tolerance of ⌬GGAP and GGAG mutants can also be observed from an acquired thermotolerance assay, in which the yeast cells are 
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pretreated at 39°C followed by exposure to 47°C and then grown on YPD or YPD with 3 mM guanidine HCl (Fig. 5C ). Pretreatment at 39°C will induce overexpression of Hsp70 and primarily Hsp104, whereas the function of Hsp104 can be inhibited by guanidine HCl. Yeast cells expressing GGAG or ⌬GGAP mutants of Ssa1 were found to be less thermotolerant with 3 mM guanidine HCl (Fig. 5C ), suggesting that deficiency in Hsp104 activity, through working with the Hsp70 chaperone machinery, may contribute to the temperature sensitivity of the GGAP mutants. Hsp104 expression is slightly enhanced in ⌬GGAP and GGAG mutants, particularly in ⌬GGAP (Fig. 5D ). The slight expression enhancement may partially compensate for the functional impairment of the mutants, and/or it suggests that the C-terminal GGAP motif of Ssa1 might interact or influence Hsp104 abundance in some way.
We also assessed the growth of GGAP-deficient cells under other stress conditions, including a cell wall-damaging agent (SDS) and oxidative stress (H 2 O 2 ) ( Fig. 5E ). Again, the most significant phenotypic changes were seen with the ⌬GGAP mutant, which was clearly more sensitive to SDS compared with WT ( Fig. 5E ). However, neither mutant seemed to show an obvious effect on yeast response to oxidative stress (Fig. 5E ). Together, these results indicate that the removal or modification of the GGAP motif does not alter the abundance of Hsp70, but there is clearly a role for this motif in vivo for maintaining Hsp70 function during heat shock and certain other stress responses.
Discussion
Compared with the NBD, SBD␤, and SBD␣ of Hsp70, studies of the Hsp70 C-terminal disordered region, which is least conserved among the domains of Hsp70, are more limited. Many eukaryotic cytosolic Hsp70s, including yeast Ssa1, have a C-terminal EEVD motif, which facilitates intermolecular interactions and chaperone assembly (13, 36, 37) , as well as a C-IDR sequence between the ␣-helical bundle and the C-terminal EEVD motif. A GGAP-like motif (such as GGMP) frequently occurs in the Hsp70 C-IDR sequence and is observed in species including Brugia, Trypanosoma, Plasmodium, Rattus norvegicus, and Homosapiens, in both Hsp and Hsc groups ( Fig. 1D ) (36 -41) . The GGMPGGM motif was reported to be related to parasite virulence of Toxoplasma gondii (42) . However, the general functions of the C-IDR sequence have remained unclear.
Our results address the function of this region, demonstrating by NMR and FRET that the Ssa1 GGAP motif in the C-IDR can directly interact with substrates such as the prion protein Ure2. Deletion or mutation of the Ssa1 GGAP motif was found to decrease the ability of yeast to respond to heat and cell-wall damage stress, demonstrating a cellular role of the GGAP motif in the stress response. Consistent with this, Smock et al. (11) have identified a conserved, disordered C-terminal motif in prokaryotic Hsp70s, including DnaK, that can nonspecifically interact with substrates and that enhances the DnaK chaperone activity and cellular survival upon stress. Although the motif observed in DnaK is different from the one observed in eukaryotic Hsp70s, it seems nevertheless that the function of the C-IDR of Hsp70 is universal from prokaryotic cells to eukaryotic cells.
It was recently discovered that the Ssa1-Hsp104 chaperone system is involved in the recovery of yeast after heat shock by disassembling the stress granules formed during the heat shock response (43). Preconditioned cells can be protected from promiscuous interactions with misfolded proteins by up-regulation of the chaperones, preventing the mislocalization of P-body (liquid-like) components to stress granules (solid-like) (44) . Interestingly, the Gly/Pro-rich P domain of Pab1, a defining marker of stress granules in yeast, can tune biophysical properties of Pab1 and induce phase separation in vitro and in vivo, although the P domain is not required for demixing (45) . Consistent with these studies, our results imply that a significant function of the Ssa1 GGAP motif in the stress response may be related to its promiscuous substrate-binding ability, enhancing the function of Ssa1 during disassembly of stress granules and cell recovery from stress.
The GGAP-like motif also exists widely in non-Hsp70 proteins. In the UniProt data bank, we found 81 protein clusters containing GGAP-like motifs when using three repeats of 
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GGAP (GGAP ϫ 3) to search the database with the expectation value threshold setting to 1.0 ( Table 2 ). An E-threshold of 1.0 when used in the search will result in sequences with no more than two residue differences from the 12-residue query sequence. More than 20 of the protein clusters have known function, including the sodium/hydrogen exchanger (UniRef50_ U6MSL8), para-aminobenzoate synthase (UniRef50_U6MNR9), RNA helicase, and Hsp70 family members. More than 500 protein clusters were obtained when using GGPP ϫ 3, 162 clusters using GGMP ϫ 3, 51 clusters using GGFP ϫ 3, and 34 clusters using GGVP ϫ 3 ( Table 2) . Thus, the GGPP motif occurs most frequently in proteins among these GGAP-like motifs. GGMP and GGAP motifs also exist more widely than other GGAP-like motifs. This study provides experimental evidence that these motifs may play important roles by nonspecifically interacting with their partners. However, the mechanism of such interactions still needs to be elucidated. It also remains unclear whether or not the GGAP-like motif can interact with other biomolecules such as DNA, RNA, and lipids.
It is well-established that the EEVD motif of yeast Ssa1 can bind the class B Hsp40 Sis1 by electrostatic interaction, and this interaction is functionally important for its chaperone activity (13, 46) . Similarly, the human B-type J proteins and the Hsp70 EEVD motif have a functional interaction (12, 47) . Interaction between the EEVD domain and class A Hsp40s has been reported for mammalian Hsp70 and also in vivo for Ssa1 (48, 49) . Our NMR titration experiments detected a direct interaction between the EEVD motif of yeast Ssa1 and Ydj1. Consistent with our results, deletion of the EEVD motif causes a slight decrease in stimulation of the refolding activity of Ssa1 by Ydj1 (12) . At the same time, our results suggest that the GGAP motif of Ssa1 also participates in the interaction of Ssa1 and Ydj1, but with more limited contribution compared with the EEVD motif. Hsp40 mainly interacts with the Hsp70 NBD via the J domain (5) , and the ␣-helical bundle of SBD is also involved in interaction with the J domain in the case of human Hsp70 and HSJ1a (10) . The newly characterized interaction of the C-terminal GGAP and EEVD motifs of Ssa1 with Ydj1 sug- Single colonies containing Ssa2, WT Ssa1, ⌬GGAP, or GGAG mutant Ssa1 as the sole source of Ssa were streaked on YPD and ϪADE plates, which were then incubated at 30°C for 2 days. Red colonies on YPD and nonviability to grow on ϪADE plates indicate a [ure3-0] state; white colonies on YPD and viability on ϪADE plates indicate a [URE3] state. B, growth assay at elevated temperatures. Fresh cultures were spotted onto YPD after a one-fifth serial dilution. The plates were incubated at 30, 37, or 39°C for 2 days. C, acquired thermotolerance assay of ⌬GGAP and GGAG mutations. Yeast cells were cultured at 30°C to reach an A 600 of 0.4 before pretreating at 39°C for 1 h. Then 39°C pretreated cells were heat-shocked at 47°C for a time course. Ϫ1, cultures without 39°C incubation; 0 -4, cultures were first incubated 39°C for 1 h and then moved to 47°C incubator for 0, 10, 20, 30, or 40 min. D, expression levels of Ssa1 and Hsp104. The experiment was repeated three times, consistently showing that the mutant Ssa1 proteins are expressed at a similar level to WT and that slightly more Hsp104 is expressed in cells with GGAP deletion or substitution. E, assessment of ⌬GGAP and GGAG mutations under cell-wall damage reagent SDS and oxidative damage reagent H 2 O 2 .
gests that the C-IDR of Ssa1 may also play a role in the positioning of Ydj1.
Ssa1 and its functional partner Sse1 have been identified to be targets of SUMO (50, 51) . Similarly, the human Hsp70 homologues HspA1A, HspA1B, and HspA8 were also identified to be targets of SUMO (52) . In this study, we unexpectedly discovered that the C-terminal TVEEVD peptide of Ssa1 can specifically bind to the same site of the SMT3 protein as for other SIMs (Fig. S2) , which is required for efficient activity of SUMO modifiers (53) . Thus, the C-terminal peptide TVEEVD of Ssa1 may play a role in the SUMOylation of Ssa1, as well as the SUMOylation-related processes regulated by Hsp70.
Experimental procedures
Plasmids and yeast strains
The SSA1 gene and its GGAP mutations were constructed in the pC210 plasmid (35) . The plasmids were transferred into a [URE3] (MAT␣, kar1-1, SUQ5, P DAL5 ::ADE2, his3⌬202, leu2⌬1, trp1⌬63, ura3-52 ssa1::KanMX, ssa2::HIS3, ssa3:: TRP1, ssa4::ura3-2f/pJ401 (strain 1161, a gift from Daniel Masison) (54) . Then colonies were streaked on plates containing 5-fluoroorotic acid to eliminate the resident URA3 plasmid containing WT Ssa1.
Protein expression and purification
The constructs containing genes for dnaK, ssa1, and ure2 were described previously (16, 55, 56) . For all Hsp70 variants, Ure2 and ␣-synuclein used in this paper, the gene of each construct was cloned into a modified pET28a plasmid, which was fused to a His-tagged SMT3 protein followed by a ULP1 cleavage site at the N terminus of the protein of interest. The plasmids were used to transform E. coli BL21-CodonPlus (DE3)-RIL cells. The cells were grown at 37°C in 2YT medium containing 50 g/ml kanamycin and 33 g/ml chloramphenicol until the absorbance at 600 nm of the medium reached 0.6 -0.8, and then protein expression was induced overnight at 16°C with 0.5 mM isopropyl-␤-D-thiogalactopyranoside. The cells were harvested by centrifugation at 4800 ϫ g at 4°C for 30 min, resuspended in buffer A (50 mM Tris-HCl, pH 8.4, 200 mM NaCl), and lysed using a JNBIO JN-3000 PLUS high-pressure cell press. The debris was removed by centrifugation (35,000 ϫ g, 4°C, 30 min), and the supernatant was applied onto a Ni 2ϩaffinity column (chelating Sepharose fast-flow resin; Pharmacia/GE) and washed with buffer A containing 30 mM imidazole. Protein was eluted using buffer A containing 300 mM imidazole and dialyzed against buffer A to reduce the imidazole concentration to lower than 10 mM, followed by SUMO protease ULP1 treatment (2 h at 4°C) to cleave the His-tagged SMT3 protein.
The protease cleavage leaves an extra serine as the N-terminal residue of the protein of interest. An additional Ni 2ϩ -affinity chromatography step was applied to remove uncleaved protein, the SMT3 protein, and ULP1. For Hsp70 chaperone variants and cleaved SMT3, the proteins were further purified by gel filtration chromatography using a Superdex TM 75 column (GE Healthcare). Protein concentrations were determined by UV absorption at 280 nm. The oligomerization states of Hsp70 chaperone variants were analyzed by a Superdex 200 column (10/300 GL; GE Healthcare).
Expression and purification of the Ssa1 C-terminal GGAP motif was similar to Ssa1 variants, except that the product of the first Ni 2ϩ -affinity column was concentrated using an ultrafiltration tube (Amicon Ultra 15 ml 3K; Millipore) and dialyzed against buffer B (20 mM NaH 2 PO 4 -Na 2 HPO 4 , 50 mM NaCl, pH 6.5) twice at 4°C. Then the concentrated protein was cleaved using ULP1, the solution was concentrated again, and the flow through containing the Ssa1 C-terminal GGAP motif was collected. Ydj1 was expressed and purified under the same conditions as described previously (57) , except that the cells were lysed using a high-pressure cell press instead of sonication. 15 N-and 15 N/ 13 C-labeled proteins and peptides were prepared using the same procedures except that cells were grown in M9 minimal medium containing 15 NH 4 Cl and [ 13 C]glucose as the sole nitrogen and carbon sources, respectively.
NMR spectroscopy
NMR experiments were performed at 298 K on a Varian INOVA 600 MHz spectrometer equipped with a triple resonance cryo probe. NMR samples consisted of 0.2-1.0 mM 15 N-or 15 N/ 13 C-labeled protein in 20 mM NaH 2 PO 4 -Na 2 HPO 4 , 50 mM NaCl, 1 mM DTT, 1 mM EDTA, and 10% (v/v) D 2 O at pH 6.5. Two-dimensional 1 H-15 N and 1 H-13 C HSQC and three-dimensional HNCO, HN(CA)CO, CBCA-(CO)NH, and HNCACB experiments were performed for backbone assignment. C(CCO)NH, HBHA(CO)NH, HCCH-TOCSY, and CCH-TOCSY experiments were performed for side-chain assignments. These through-bond experiments correlate nuclei (such as HN and CO) connected by a limited number of chemical bonds. Three-dimensional 1 H-15 N and 1 H-13 C NOESY-HSQC spectra were collected to generate distance restraints. All data were processed with NMRPipe (58) and analyzed with NMRViewJ (59) . The steady-state heteronuclear HN-NOE values of Ssa1 SBD were measured using standard pulse programs (60) .
Structure calculations
The NMR structures of Ssa1(523-622) and Ssa1(382-554) were initially calculated with the program CYANA (61) and then refined using CNS (62) with manual assignments as well as semiautomated NOE assignments by SANE (63). Backbone Table 2 Protein sequence clusters containing GGAP-like motif in UniProt databank
The following parameters were used to search sequences in the UniProt databank: target database: UniRef50; E-threshold: 1; matrix: auto; filtering: none; gapped: yes; hits: 500.
Query sequence (؋ 3)
GGAP GGVP  GGMP  GGFP  GGPP  GGAS  EGAP  GEAP   Total number of protein clusters  81  34  162  51  500  12  62  7   Clusters with known function  23  20  82  26  137  3  13  5 Functional studies of the C-terminal GGAP motif of Ssa1 dihedral angle restraints obtained using TALOS-N (64), as well as hydrogen bond restraints according to the regular secondary structure patterns, were also incorporated into the structural calculation. From 100 CNS-calculated structures, the 50 lowest energy conformers of Ssa1(523-622) and Ssa1(382-554) were selected for further water refinement using CNS and RECOORDScript (65) . The resulting 20 energy-minimized conformers were used to represent the solution structure of Ssa1(523-622) and Ssa1(382-554). The quality of the determined structures ( Table 1) was analyzed using PROCHECK-NMR (66) and MOLMOL (67) . Structural figures were created with MOLMOL (67) and PyMOL (68) .
NMR titration
For NMR titration, a protein mixture containing 15 N-labeled Ssa1 CTD (523-622 or 523-642) or Ssa1 GGAP peptide (609 -628) was monitored using 2D 1 H-15 N HSQC spectra. For 15 Nlabeled Ssa1 CTDs or the Ssa1 C-terminal GGAP motif titrated with Ure2, the buffer was 20 mM NaH 2 PO 4 -Na 2 HPO 4 , 50 mM NaCl, and 10% (v/v) D 2 O at pH 7.0. For 15 N-labeled Ssa1 CTDs titrated with Ydj1, ␣-synuclein, SMT3, or BSA or 15 N-labeled SMT3 titrated with PEAEGPTVEEVD, the buffer was 20 mM NaH 2 PO 4 -Na 2 HPO 4 , 50 mM NaCl, and 10% (v/v) D 2 O at pH 6.5. For all the titration and control NMR experiments, the 15 N-labeled control protein sample and the 15 N-labeled protein sample mixed with titrating proteins were simultaneously exchanged with the same buffer before measurements to ensure that the buffer conditions were identical in the two samples. For the titration of GGAP peptide, the Ure2 protein solution was exchanged with the same buffer that was used for SMT3 fusion GGAP peptide before ULP1 digestion, to ensure that the buffer conditions were identical.
In vitro amyloid fibril formation
The kinetics of amyloid fibril formation of Ure2 were monitored using thioflavin T (Sigma-Aldrich) as previously described (16) . A 150-l protein sample in buffer A containing 20 M thioflavin T was added to a 96-well plate with an optical flat bottom (Corning, Inc., Corning, NY) and covered with a PlateMax film (Corning, Inc.). The fluorescence was measured using a microplate reader (SpectraMax M3; Molecular Devices) at 30°C, with continuous shaking between readings. The samples were excited at 450 nm, and the emission was measured at 485 nm, with a reading interval of 15 min. For each sample at least four replicates were measured.
FRET
In this paper, we used two kinds of fluorescent dye: Cy3 Mono NHS-ester and Cy5 Mono NHS-ester (GE Healthcare). Cy3 was used as a donor to label Ure2, whereas Cy5 was used as a receptor to label Ssa1 variants. For labeling, 300 l of protein solution in buffer A was mixed with the corresponding dye dissolved in DMSO at 3-fold molar excess and incubated at 4°C overnight (shaken gently in the dark). The supernatant was collected after centrifugation at 14,000 ϫ g at 4°C for 30 min. The labeled protein was separated from unbound dye using a PD-10 desalting column (GE Healthcare). Protein concentration and labeling efficiency were determined by measuring the absor-bance of the labeled protein at 280 nm (A 280 ) and at the max for the dye (A max ), according to the manufacturer's instructions for the dye. The labeling efficiency of each protein was close to 1.0, meaning approximately one dye molecule per protein molecule. For FRET data collection, a series of 150-l protein samples in buffer A containing 2 M Cy3-labeled Ure2 with constant concentration and Cy5-labeled Ssa1 variant (both labeled by corresponding dyes) with different concentration ratios to Ure2 were added to a 96-well plate with an optical flat bottom (Corning, Inc.), covered with a PlateMax film (Corning, Inc.) and incubated at 25°C for 30 min. The same samples containing Cy5-labeled Ssa1 variant at the same series of concentrations but without Ure2 were used as a control group. The fluorescence was measured using a microplate reader (SpectraMax M3; Molecular Devices). The parameters were as follows: excitation ϭ 532 nm; emission: start ϭ 540 nm, stop ϭ 750 nm, step ϭ 1 nm, cutoff ϭ 550 nm. The fluorescence data of control groups were subtracted to obtain the fluorescence from FRET. The FRET efficiency under different concentrations of Cy5labeled Ssa1 was calculated using the equation,
where E represents the FRET efficiency, and F(D) and F(DA) represent the donor fluorescence in the absence or the presence of Cy5-Ssa1. The donor fluorescence intensity was calculated as an average from 565 to 575 nm. The FRET efficiencies were plotted against Cy5-Ssa1 concentrations and fitted to the following formula to obtain the dissociation constant K D ,
where E is the FRET efficiency, x is the Cy5-Ssa1 concentration, and a and b are constants.
Yeast growth assay
Yeast strains were cultured in 5 ml of YPD or SC medium with appropriate selection at 30°C overnight. The following morning, the yeast cultures were diluted into 6 ml of fresh medium at an A 600 of 0.2 and cultured again until the A 600 reached 0.5. A one-fifth serial dilution was performed in a 96-well plate and then replicated onto YPD or appropriate medium. The plates were incubated at 30°C or elevated temperatures (37 or 39°C) for 2 days. For growth assays with oxidant or cell wall-damaging agents, the cells (A 600 of 0.5) were spotted onto SC-H 2 O 2 (0, 1, and 2 mM) or onto YPD containing SDS (0, 0.005, and 0.01%, w/v).
Acquired thermotolerance assay
Single colonies were inoculated and cultured in 5 ml of YPD or SC selective medium at 30°C, 200 rpm overnight. The next day, yeast cultures were diluted into 7 ml of the same media to reach an A 600 of 0.2. The cells were cultured until reaching an A 600 of 0.4. A 1-ml aliquot was immediately transferred to a 1.5-ml Eppendorf tube and placed on ice. The rest of the culture was heat-shocked at 39°C with shaking for 1 h to induce Hsp104. Subsequently, 0.5-ml volumes of cell aliquots were maintained at 47°C in an incubator with shaking at 200 rpm for Functional studies of the C-terminal GGAP motif of Ssa1 0, 10, 20, 30, or 40 min. As described above, a one-fifth serial dilution of the aliquots of each time point were carried out. Finally, YPD and YPD-3 mM guanidine HCl plates with spotted cells were incubated in a 30°C incubator for 2 days.
Monitoring the presence of the prion phenotype in S. cerevisiae
Monitoring of yeast prion status was carried out as described by Jones and Masison (34) . The presence or absence of the [PSI ϩ ] and [URE3] prion states can be monitored in yeast strains by a simple color assay. Briefly, single colonies streaked on YPD and ϪADE plates, which were then incubated at 30°C for 2 days or at room temperature for 5-7 days. 
Immunoblotting
Yeast strains were cultured in 25 ml of YPD medium from an A 600 of 0.2 to an A 600 of 0.6 -0.8. The cells were collected by centrifugation and were resuspended in 750 l of Y cell lysis reagent (Sigma; C4482), which was supplemented with protease inhibitor mixture (Sigma; P8215) and 10 mM DTT. Then 0.5-mm soda lime glass beads were added into tubes to assist lysis. Supernatants were centrifuged at 4°C at 16,200 ϫ g for 10 min to obtain clarified lysates. Finally, 10 g of lysates were loaded onto 4 -20% gradient gels and blotted by anti-Hsp70 (Stressgen; SPA-882) and anti-Hsp104 (a gift from Prof. John Glover, University of Toronto). This experiment was repeated three times, and the results were consistent.
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